The paper reports the thermal-induced order fluctuations, in a carbon nanosystem with carbon nanotubes (CNTs) synthesized by the incomplete combustion of gingelly oil. The sample annealed at different temperatures (30-400 °C) is subjected to various morphological and spectroscopic characterizations. The ultraviolet-visible spectroscopic and thermogravimetric analyses reveal the CNTs in the sample. The high-resolution transmission electron microscopy (HR-TEM) also confirms the formation of CNTs in the sample. The Raman spectrum and X-ray diffraction pattern show the signature of multi-walled to single-walled CNT transformation and thus an order fluctuation on annealing. The quantum yield of the sample, measured by integrating sphere method, yields 46.15% at an emission wavelength of 575 nm. When the excitation wavelength is varied from 350 to 510 nm, the CIE coordinate moves from the white region to the yellowish-green region. The varying amount of CNTs in the soot, upon annealing is found to vary the luminescence emission from the sample. The study reveals the thermal-induced oscillatory order in carbon nanosystem with carbon nanotubes (CNTs) leading to tunable excitation/ thermal-dependent luminescence emission and thereby suggesting the possibility of converting the futile soot for fruitful applications in photonics and nanoelectronics.
Introduction
Carbon and its allotropes have become the focus of research during the last 15 years because of their potential applications in electronics and photonics [1] [2] [3] [4] [5] . Carbon nanotubes (CNTs) are one of the most elegant arrangements of solid carbon that are elongated structures of C 60 molecules (fullerenes) [6, 7] . Multi-walled (MW) CNTs consist of concentric cylindrical graphene layers [8, 9] . The high specific surface area makes them suitable for sensor applications. They have better electrical conductivity than copper, exceptional mechanical strength [10] and high flexibility. The strength of nanotubular materials can be increased by assembling them in the form of ropes of 20-30 nm diameter and several micrometers in length [11] . There are several methods of synthesis such as thermal carbonization, sonication, laser irradiation and exfoliation that have been used for synthesizing different carbon nano particle/tubes/fibers [6, 8, 9, 12] . In the present work, we have adopted the traditional method of incomplete combustion of gingelly oil for the synthesis of carbon nanoparticles (CNPs). It is reported that the increase in the amount of CNT in the sample increases the electrical conductivity [13] .
Raman scattering and X-ray diffraction (XRD) techniques have become a potential tool in the last 5 decades, with the advent of lasers and data acquisition systems, for the non-destructive structural characterization of materials. For highly ordered crystalline materials, X-ray diffraction techniques are usually used. But for disordered materials such as soot, Raman spectroscopic studies are useful as they are sensitive to both crystalline and short-range molecular structures. It is a well-studied fact that Raman spectrum of graphitic crystals originates from the lattice vibrations, hence the spectrum will be reflecting the order, disorder and the crystallite size [14] [15] [16] . Since the samples under investigation are synthesized by incomplete combustion of gingelly oil they contain a mixture of amorphous and graphitic carbon. [18] [19] [20] . Raman spectra of pure crystalline graphite show only one peak at 1580 cm −1 called the G band corresponding to E 2g symmetry mode of sp 2 carbon. The presence of defects or disorder breaks the crystal symmetry and activates the certain vibration modes called defect or disorder or D band. The D band in amorphous carbon is assigned to double-resonance Raman Effect in sp 2 carbon [21, 22] . From the ratio of the intensities of first-order D band and G band, crystallite size can be calculated. Higher intensity ratio indicates a higher degree of disorder in the nanostructure. These structural variations are capable of inducing variations in the optical emission behaviour of the material.
Carbon and its allotropes possessing exciting luminescence properties have gained attention of researchers due to its ease of processing, biocompatibility, abundance, low cost, and greater stability [23] [24] [25] . These properties make it a potential candidate in the development of phosphor-free light emitters [1, 23, 24] . There are several recent reports suggesting the possibility and potential of various allotropes of carbon and soot in optoelectronic applications [26] [27] [28] [29] [30] . Photoluminescence spectroscopy is a powerful non-destructive technique for investigating the luminescence properties of materials of all kinds [23] . The perception of the human eye to the emission from a light source, giving out radiations of different wavelength and intensity can be expressed with the help of chromaticity diagram or CIE plot [31, 32] . The power spectrum, CIE coordinates, and colour purity of a material give a better understanding of its luminescence and fluorescence behaviour [1] . This helps in exploring the application of the material as an efficient light source. In this paper, we report the tunable luminescence emission induced by the order-disorder-reorder transitions of carbon systems as a result of annealing and thereby to get a low-cost electrically tunable material for potential applications in nanoelectronics and photonics.
Experimental methods
Carbon nanoparticles are synthesized by the incomplete combustion of gingelly oil. The soot particles collected are powdered in a ball milling unit. The sample is annealed to 400 °C in step of 100 °C at the rate of 3 °C per minute in a tubular furnace in nitrogen atmosphere keeping the sample for 1 h in each step. The sample (T1) annealed at 100 °C, 200 °C, 300 °C, and 400 °C are labelled as T2, T3, T4, and T5 respectively. The samples are then subjected to Raman spectroscopic, XRD, Fourier transform infrared (FTIR), and thermogravimetric analyses (TGA). The ultraviolet (UV)-visible spectrum is recorded using Jasco V550 UV-visible spectrophotometer. The morphological characterization and composition study (Energy-Dispersive Spectroscopy-EDS) of the sample is carried out in Nova Nano Field Emission Scanning Electron Microscopy (FESEM) and JEOL JEM-2100 High-Resolution Transmission Electron Microscopy (HR-TEM). Raman spectrum is recorded using Lab Ram Micro-Raman Spectrometer with Argon ion laser at 514.5 nm wavelength and power of 5 mW as the excitation source. The thermal stability of the sample weighed 2.040 mg is studied using Perkin Elmer thermogravimetric analyzer, heated from 35 to 900°C at a scanning rate of 10°C/min in the nitrogen atmosphere. This gives information regarding the structure of the CNTs. From the Raman spectrum the crystallite size can be calculated by noting the intensity ratio of D and G band. XRD measurements are carried out in Bruker D8 Advanced Diffractometer with CuKα radiation (λ = 1.5406 Å). The information about the degree of order can be obtained from the intensity ratio of the peaks corresponding to 2θ values at 20° and 25°. FTIR spectrum is recorded in the range 4000-400 cm −1 using Thermo Fisher Scientific Nicolet iS50 FT-IR Spectrophotometer in the ATR mode to understand the structure of the sample through vibrational analysis. The luminescence behaviour is studied by recording the photoluminescence (PL) spectrum by Horiba Fluoromax.
Results and discussion
To assess the thermal stability and chemical purity of the sample, it is subjected to TGA analysis. The TGA analysis provides the changes in the physical and chemical properties of the material as a function of increasing temperature. TGA is commonly used to determine certain characteristics of materials that exhibit weight loss or gain due to decomposition or oxidation. The temperature at which the material starts to decompose is known as initiation temperature. At oxidation temperature, maximum weight loss occurs and this temperature indicates the thermal stability of the material [33] . It has been reported that amorphous carbons decompose at lowest temperatures [34, 35] followed by SWCNTs, MWCNTs, and graphitic particles, respectively. Oxidation temperatures for MWCNTs, and SWCNTs are in the range 400-650 °C and 350-500 °C, respectively [17] .
The TGA curve of the gingelly oil soot sample at room temperature is shown in Fig. 1 . The graph shows a clear slope change at 520 °C indicating a structural change. The TGA curve shows a continuous weight loss up to 520 °C. This is because of the fact that the soot sample is a mixture of amorphous carbon, SWCNTs, MWCNTs and graphitic particles. The slope change at 520 °C indicates the presence of MWCNTs and SWCNTs in the sample. MWCNTS are more susceptible to oxidation and undergo decomposition. It is observed that the thinning of MWCNTs occur in a layer by layer fashion [36, 37] . Yao found the decomposition rates of the concentric layers and showed a faster decomposition rate for layers within the nanotube structures. Defects along the walls of the tube may also contribute to the decomposition of MWCNTs by providing initiation sites for the decomposition. The decomposition of the middle layers occurs faster than the interior or exterior layers [38] . Depending on the tube diameter, defects, length, and the number of layers, the decomposition temperature of MWCNTs vary. The decomposition of the MWCNTs with different length and diameter shows a direct relation with annealing temperature [17, 39, 40] . The TGA curve for the sample confirms the decomposition of the MWCNTs in the sample.
The structural information about the sample can be had from Raman spectroscopy. To understand the structural variations occurring in the sample on annealing, Raman spectra recorded in the range 1000-2000 cm −1 are shown in Fig. 2 . The variation of the intensity ratio of the D and G band (I D /I G ) and the crystallite size (L) with annealing temperature are shown in Fig. 2b, c, Upon annealing, it can be seen that the system is moving from an ordered state at room temperature to a less ordered state at 100 °C, and again to an ordered state at 200 °C. The disorder is found to increase further on annealing to 300 °C and decrease at 400 °C. In an amorphous carbon there will be a mixture of sp 3 , sp 2 , and sp 1 sites. Only E 2g mode for graphite and E 1 and E 2 symmetry modes for CNTs is Raman active. When the temperature is increased the conversion of sp 3 bonds to sp 2 bonds, desorption of hydrogen, and conversion of carbon structure to nanocrystalline graphite occur. A similar variation with temperature can also be seen in the crystallite size from Fig. 2c . The thermal-induced oscillation in the crystallite size, obtained from the Raman spectrum is in agreement with the TGA analysis of variations in the dimensions of the MWCNTs in the sample [17, 37, 39, 40, 42] .
The Raman spectroscopic analysis of the sample annealed at different temperatures exhibits varying degree of graphitization and the formation of MWCNTs or SWCNTs. The characteristic band exhibited by the Raman spectrum of SWCNT and DW (double walled) CNT is the radial breathing mode (RBM) around 100-400 cm −1 [17, 20] . The RBM in the Raman spectrum of the samples (T1-T5) recorded in the range 50-400 cm −1 (Fig. 3a) shows a peak around 124 cm −1 . The RBM analysis [18, 20] . The IFM of the samples (T1-T5) recorded in the range 600-1000 cm −1 (Fig. 4a) shows a broad peak around 833 cm −1 . From literature [19, 20, 43] it can be seen that the IFM arises due to the combinational modes of the zone-folded optic and acoustic branches of 2-D graphite and indicates structural defects in SWCNTs. There are also reports of the IFM frequency dependence on tube diameter [19] . Figure 4b , c shows an oscillatory variation in the peak position and intensity of IFM with annealing temperature, similar to that observed in I D /I G , crystallite size, RBM, and TGA analyses.
The oscillatory behaviour observed in RBM, IFM, and I D /I G (Figs. 2, 3, 4) upon annealing can be considered as the breaking of van der Waals bonds between the layers of MWCNTs leading to the formation of SWCNTs. The increase of temperature results in the thinning of MWCNTs due to the removal of inner layers as reported by Yao [37] and the partial separation of layers of MWCNTs due to van der Waals bond breakage [44] may be the reason for the increase or decrease of disorder evidenced through I D / I G ratio variation.
The degree of graphitization and the presence of CNTs can be understood from the X-ray powder diffraction pattern of the samples (T1-T5) recorded in the range 2θ = 10°-70° as shown in the Fig. 5a . The broadened peak around 25° in the XRD pattern is a general feature of all soot samples which is attributed to the graphitic E 2g mode of sp 2 -bonded carbon atoms and the ordered CNTs in it [45] . The amorphous carbon and the surface defects of CNTs present in the sample get reflected through the band at 20° which is assigned to the (002) plane and that at 42° to the hexagonal lattice of multi-walled CNT [5, 46, 47] . The quality of CNTs in the sample and the degree of disorder can be understood from the intensity ratio (I 20 /I 25 ) of the peaks around 20° (I 20 ) and 25° (I 25 ). The smaller the value of intensity ratio the smaller is the degree of disorder in the sample. From Fig. 5b , the variation of I 20 /I 25 with annealing temperature, it can be seen that the values of I 20 /I 25 are small indicating the sample to be of good quality. The intensities of the peaks at 20° and 25° are obtained through the deconvolution of the broad peak around 25°. It is interesting to note that the order-disorder fluctuations shown in Fig. 5b is in good agreement with that observed in the I D /I G ratio from the Raman spectrum as shown in Fig. 2b . The peaks around 42° in Fig. 5a confirm the presence of MWCNTs in the sample which agrees well with the literature. The removal of amorphous carbon up to 200 °C is responsible for the initial decrease of intensity as shown in Fig. 5b . The dynamics of MWCNTs as a result of thinning/shortening/partial separation of layers becomes dominant beyond 200 °C as the system moves to a more ordered state at 400 °C.
The FTIR spectral analysis gives information about the functional groups formed in the soot samples as a result of combustion [33, [48] [49] [50] [51] . The FTIR spectra of the sample annealed at different temperatures are given in Fig. 6a . The presence of CNTs is confirmed by the appearance of the peaks at 890, 1104 and 1537 cm −1 that are due to the C=C and C=O bonds. The variation in the intensity of the signature peaks of CNTs with annealing temperature is given in Fig. 6b . This also shows a thermal-induced fluctuation as a result of the structural changes occurring in the MWCNTs/ SWCNTs present in the soot sample which is also evident from the TGA, Raman, and XRD analyses.
UV-visible spectroscopic analysis of the sample helps to understand the π → π⃰ transitions of C-C and C=C bonds in sp 2 hybrid regions of the carbon core [21] and the diameter of the SWCNTs by noting the π plasmon resonant absorbance peak. The broad UV-visible absorption spectrum of the sample T1 is shown in Fig. 7a and the tube diameter (d in nm) calculated using the equation E = 4.80 + (0.70/d
2 ) [52] , where E is energy in electron volt (eV) corresponding to the peak at 257 nm is found to be 5.91 nm. The EDX of the sample T1 shown in Fig. 7b shows only carbon and oxygen. The luminescent properties of the material can be understood from photoluminescence (PL) spectroscopic technique. The PL spectra of the sample at room temperature 30 °C , annealed at 200 °C and 400 °C and recorded in the range 400-800 nm for the excitation wavelengths (λ exc ) of 350 nm are shown in Fig. 9 as representative. How human eye perceives the emission from a light source can be expressed with the help of chromaticity diagram or CIE plot [1, 31] . To study the effect of excitation wavelengths on emission pattern, the PL spectra are recorded at 350 nm, 390 nm, 430 nm, and 510 nm. The CIE plot for the sample under different excitation wavelengths and annealing temperature is given in Fig. 10 . The trajectory of colour variations with excitation wavelengths (350-510 nm) for the three samples is marked in Fig. 10 . For the sample at room temperature and higher temperatures, it can be seen that when the excitation wavelength is increased from 350 to 510 nm, the CIE coordinate moves from the white region to the yellowish-green region. Figure 10a data induces a tunable photoluminescent emission from the carbon nanosystem formed by the controlled combustion of gingelly oil. The non-uniform-sized particles and structural variations in the allotropic forms of carbon present in the soot sample as a result of annealing leads to the order-disorder-reorder transition which is responsible for the variations in the luminescence emission from the sample. For a material to be used as light emitters, its fluorescence quantum yield value should be high. It gives the ratio of photons emitted to the photons absorbed which is measured using integrating sphere method. In the present study, a good quantum yield value of 46.15% at an emission wavelength of 575 nm is obtained showing the possibility of the sample to be explored as energy-efficient light-emitting materials.
Conclusion
In the present study CNPs are synthesized by the controlled combustion of gingelly oil and the soot is analysed by XRD, EDS, FTIR, FESEM, HR-TEM, Raman, UV-visible and photoluminescent spectroscopic methods.
The Raman spectra exhibit oscillatory order behaviour on annealing which is confirmed by the XRD analysis. The order fluctuation in the carbon nanosystem could be attributed to the thinning/shortening of MWCNTs, desorption of hydrogen and removal of amorphous carbon. The formation of CNTs is evident from the HR-TEM analysis. This oscillatory order pattern may be useful in designing materials with tunable luminescent behaviour and electrical conductivity. The PL spectrum, CIE plots, and colour purity help in understanding the annealing temperatureinduced order fluctuation which in turn leads to the tunable light emission on photo excitation. Thus, the varying amount of CNTs in the soot, by annealing temperature, varies the luminescence property and makes it a low-cost tunable material for optoelectronic applications.
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